U. of Iowa 67-29

-
L

*
Geomagnetically Trapped Alpha Particles

o

by

S. M. Krimigis and J. A. Van Allen

P ,
“ Departmetit of Physics and Astronomy.
' / University of Iowa
Iowa City, Iowa _

July 1967

*Research supported in part by National Aeronautics and Space
Administration Grant NsG 233-62 and Contract NAS1-2973 with
the Langley Research Center and by Office of Naval Research
Contract Nonr 1509(06).



ABSTRACT

The observations reported herein were made with the
University of Iéwa Injun IV satellite which was launched on
21 November 1964 into a nearly polar orbit of 81° inclination
with initial apogee and perigee altitudes of 2502 and 527 kilo-
meters, respectively. It carried a 25 micron thick, totally
depleted silicon surface barrier detector with four electronic
discrimination levels. The two lower levels are sensitive to
protons 0.52 < Ep < 4.0 MeV and 0.90 < Ep < 1.8 MeV, respectively.
The two upper levels are sensitive only to nuclei heavier than
deuterons and, specifically, are sensitive to alpha particles
2.09< B, <15 MeV and 3.89 <E, < 7 MeV, respectively.
Study of the available data up to 17 April 1965 leads to the
following conclusions:
(a) The presence of geomagnetically trapped alpha particles is
established.
(b) At constant |B | ~ 0.19 gauss the maximum intensity
perpendicular to B occurs at L = 3.1. The absolute directional
intensity there is
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(e) At this outer zone maximum, the ratio of the directional
intensities of alpha particles and of protons, both integrated
above the common value ea = 5p = 0.52 MeV/nucleon, is

- Y
Jofdp = (23 +0.2) x 1077 .

(a) A variety of considerations, no one of which is decisive,
suggest that the most physically significant form of the spectra
of alpha particles and protons may be an exponential one in terms
of energy/nucleon.

(e) It appears conceivable that the observed ratio jO/jp may

be reconcilable with a solar-wind-source of outer zone protons and
alpha particles although this ratio is significantly less than that
predicted from diffusion theory with known loss processes taken
into account.

() The distribution of outer zone alpha particles was changed
markedly after the magnetic storm of 18 April 1965 and the intensity
peak moving inward from L = 3.1 to L = 2.9.

(g) Trapped alpha particles in the inner zone are apparently

due to a different source than that for those in the outer zone.



1. INTRODUCTION AND SUMMARY

Studies over the past several years have shown that the
geomagnetically trapped radiation consists dominantly of protons
and electrons having energies from a few eV to many MeV. Several
investigators have searched for particles heavier than protons
using nuclear emulsions. Freden and White [1960] identified five
triton tracks in the energy range 126 to 200 MeV and one deuteron
track in recovered emulsions flown on two rockets through the lower
edge of the inner radiation zone. The total number of proton tracks
in a comparable energy range was 496. In two similar flights of
emulsions Heckman and Armstrong [1962] found five deuteron tracks in
the energy range 93 to 133 MeV and no triton tracks out of a total
of 788 tracks studied, the other 783 tracks being identified as due
to protons. Neither of these groups reported the presence of helium
nuclei, although their absence was not considered surprising, in
view of the high energy thresholds of the detectors for alpha
particles and the limited statistical sample. Heckman and Armstrong
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set an upper limit of 1 x 10 7 for the intensity ratio of alpha

particles to protons in the energy interval 125 to 185 MeV. 1In
a later emulsion experiment Naugle and Kniffen [1963] placed an
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upper limit of 6 x 10~ for intensity ratio of all particles

heavier than protons to protons in the energy interval 12 to




30 MeV/nucleon (Ea > 50 MeV), at altitudes up to 2000 km in the
region 1.45 < L < 1.85.

A1l of the results quoted so far were obtained for
L <1.85, i.e., in the inner zone. More recently Fenton [1967]
has searched for alpha particles in the region 1.6 <L < 3.5
using a solid state detector telescope on 0GO-I. On the basis of
what he judges to be an essentially null result, he suggests an
upper limit for the alpha particle to proton intensity ratio in
the interval 26 to 85 MeV/nucleon of 6.7 x 1o'u.

In this paper we report the results of an extensive search
for geomagnetically trapped nuclei heavier than deuterons in the
energy range 0.52 <EZL 4 MeV/nucleon, an energy region which is
roughly two orders of magnitude below the regions previously
investigated. Preliminary results of this experiment were
reported earlier [Van Allen and Krimigis, 1965; Krimigis and
Van Allen, 1966; Krimigis, Van Allen, and Armstrong, 1967]. It is
found that (a) trapped nuclei heavier than protons are present
with measurable intensity in the earth's radiation zones; (b) the
maximum intensity of such particles occurs at L ~ 3.1; (c) the
observed particles are most reasonably identified as alpha
particles; (d) the integral intensity ratio ja/jp for energies
>0.52MeV/nucleon is ~ 2 x 1o"h at L ~ 3.1 and ‘§| = 0.19 gauss, a
result independent of the respective energy spectra; and (e) some

information on the Q.particle energy spectrum is obtained.



The significance of these observations lies in the fact
that, although the intensity and energy spectrum of trapped protons
EP 2-50 MeV can be reasonably accounted for on the basis of the
cosmic ray albedo neutron hypothesis, protons of energy below
30 MeV and down to 0.1 MeV or less cannot possibly be attributed to
the albedo-neutron source. Such lower energy protons are commonly
thought to be due to injection of solar wind particles into the
magnetosphere and subsequent acceleration and diffusion across
magnetic shells therein. Other conjectures attribute their
presence (a) to the direct magnetospheric capture of solar cosmic
rays; (b) to the decay of neutrons produced in the polar cap
atmosphere by solar cosmic rays; and (c) to the in situ acceleration
of particles which are a component of the earth's own exosphere.

Thus, the special motivation for study of trapped nuclei
having Z > 2 is to provide a set of parameters on one or more
"tracer" components of the radiation belts for testing the wvalidity
of hypotheses on their origin and on the origin of the much more

abundant proton component.




2. DESCRIPTION OF TIIE DETECTOR

The obgervations reported hercin were obtained with the
University of Iowa satellite Injun IV. The relcvant detector ic
a totally depleted silicon one of the surface barrier kind in the
form of a thin circular disc, whose thickness ic 2% microns and
whose frontal area is 1.75 + 0.2 mm2 (Nuclear Diodes, Inc.).

The detector is located inside a conical collimator with a full
vertex angle of 40° and is otherwise sheilded by a minimum of
10.2 g/cm2 of brass, which corresponds to the range of 95 MeV
protons (Figure 1). Four electronic discrimination levels are
provided. The first two (channels A and B) are sensitive to
protons and heavier.nuclei and the last two (channels C and D) are
sensitive only to particles heavier than deuterons (Table 1).

The scheme for energy discrimination is illustrated in
Figure 2. The maximum energy that an axially incident proton
can deposit in the detector is 1.3 MeV. Since the energy needed
to trigger channel C is 1.8 MeV, only particles that are heavier

than protons are counted in channel C. An examination of the

range-energy curves for deuterons, tritons, He), and Heu shows
that channel C will clearly count He5 and He't (as well as nuclei

having greater Z), may just barely count tritons in a narrow

energy range, but will not count deuterons. Similarly the enecrgy



that must be deposilted in the detector to trigger channel D is
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5.7 MeV; hence only He”, Heu, and heavier nuclel can be counted by
this channel.

The calibration method used is identical to that described in
detail elsewhere for similar detectors from this laboratory [Krimigis
and Armstrong, 1966]. 1In addition, a special test run was made on
the Naval Research Laboratory's Van de Graaff accelerator (courtesy
of E. Wolicki) in order to determine the efficiency of channels C
and D for protons whose total energy was sufficient to trigger
these channels, 1f for some spurious or unsuspected reason these
protons were able to deposit snough energy in the detector to
actually do so. The detector, connected to flight electronics, was
placed in a beam of 1.8 MeV protons and the outputs of channels A
(sensitive to protons) and C were recorded. It was found that the
efficiency of channel C for counting protons of the above energy,
given by C/A, was 3 x lO_u with an accuracy of 10%. The experiment
was repeated at proton energies of 1.9, 2.05, and 5.57 MeV. The
efficiency remained approximately constant as a function of energy at
the value of ~ 3 x 1o'u. The constancy of the efficiency with energy
indicates that the counts seen in channel C may have been due to stray
alpha particles or heavier nuclei that had entered the selecting

magnet in the accelerator with the same momentum/unit charge as the

protons. In a typical Van de Graaff accelerator, the "purity"




of the proton beam is usually no better than 1 part in 10”7

[R. R. Carlson and E. Norbeck, private communication].

The interpretation of the channel C counts as due to stray

alpha particles is supported by the fact that a subsequent experi-

ment using the flight spare unit gave an efficiency of ~ 5 x lO-),

necarly a factor of ten less than that found for the flight unit.
(The two units were accurately similar.) It was established that
during the threce months previous to the performance of the second
experiment, no helium gas had been used in the Van de Graaff
[E. Wolicki, private communication] so that the proton beam was
presumably more pure. The foregoing supports the belief that the
proton efficiency of channel C may be considerably less than
3 x lO-u; nonetheless we will adopt this number as an
upper 1limit for the purposes of this paper.

The proton efficiency of channel D, measured in a similar
manner as that of C, was found to be < 1 x 107°.

Knowledge of the in-flight operation of the detector and the
associated electronics is obtained by means of a permanently

24

mourited __Am source of a-particles. The source was gold-plated

95
to obtain a falling spectrum between 0.5 MeV and 3.9 MeV and thus

to provide an in-flight measure of the stability of the system and
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in particular that of the effective discrimination levels. For
example, a 10% increase in the background rate of detector C results
from lowering its discrimination level from 1.8 to 1.4 Mev. Yet no
departure of its in-flight background rate (over the polar caps) by
as much as + 5% has been observed during the period of the observa-
tions on which the present paper is based. The total depletion of
the detector and a strong developmental effort on making the entire
system insensitive to variations in temperature and supply voltage
contribute to the stability and trustworthiness of the detector.
None of the channels A, B, C, and D is sensitive to galactic

cosmic rays.
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5. DATA ANALYSIS

The Injun IV satellite was launched on 21 November 1964 into
a nearly polar orbit of 81° inclination, with initial apogee
altitude of 2502 kilometers and perigee altitude of 527 kilometers.
The satellite is equipped with a permanent magnet and energy-
dissipating hysteresis rods so that it will maintain a particular
axis continuously aligned with the local geomagnetic field vector.
Due to a large initial angular velocity at launch and weak damping,
magnetic alignment did not occur until the latter part of February
1965, Thereafter, the axis of the detector collimator was main-
tained continuously perpendicular (+10°) to the local magnetic field
vector so that the detector was receiving particles whose pitch
angles were 90° + 30°. The primary body of data reported in this
paper was obtained during the period 1 March to 17 April 1965.
Auxiliary data on angular distributions were obtained during the
tumbling period in December 1964 and January-February 1965. These
auxiliary observations are of importance in establishing the
validity of our interpretation of detector responses.

All telemetered data from the satellite are merged with the
orbit parameters |B | L, and local time and subsequently sorted
into subsets specified by selected ranges of |EB land L. The L

interval used in this study is 0.1 and the |E |interval
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0.02 gauss. For a given L interval, the directional intensity
perpendicular to B is plotted as a function of ]ﬁ | . From a
family of such plots, a graphical display is made of constant

intensity contours in lg |, L space.
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L. OBSERVATIONS

In Figure 3, the counting rates of channels C and D as a
function of L are shown for a constant value of |B|. The data
are averaged over the time period 1 March to 17 April 1965. The
latter date was chosen as a cubtoff date because a severe magnetic
storm which occurred on that day perturbed the distributions of
both protons and heavier particles [Krimigis, 1967a]. The
counting rates due to the inflight source are indicated by the
dashed lines. The essential features of the figure may be
summarized as follows: (a) The principal maximum occurs at
L = 3.1 + 0.1 for both channels C and D. (b) The counting rates
are roughly constant from L = 1.3 to L = 2.6 but rise sharply in
the L interval 2.6 to 3.1. (c) The ratio C/D has a relative
minimum at the point of maximum counting rate and increases
significantly on either side, although it remains constant
(within statistical uncertainty) in the inner zone. (d) The
counting rates are indistinguishable from background for
L > 4.3 for C and for L > 3.9 for D. The threshold counting
rates correspond to intensities of 4.5 (cm2 sec sr)'l and
1.5 (cm2 sec sr)_l for channels C and D, respectively. In
Figure 4 the counting rate vs L profile at a constant |B |is

shown for channel A, responding to protons in the energy
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interval 0.52 < Ep < L4 MeV, and for channel C (0.52 < E, < b
MeV/nucleon). It is seen that, although the point of maximum
intensity occurs at the same L value for both A and C, there exist
important differences in the nature of the two profiles. The
counting rate of channel A jncreases smoothly in the L interval
1.1 to 2.6 by a factor of over 105, whereas the counting rate of
C changes by less than a factor of two in the L interval 1.3 to
2.6. However, in the L range 2.6 to 4.2 the ratio A/C is
approximately constant. Thus it appears that the responses of
channels C and D may be divided into two distinctively different
regions namely L < 2.6 (referred to henceforth as the inner
zone, in rough analogy to the usual terminology) and L > 2.6
(the outer zone). The validity of this impression is further
supported by plots of constant intensity coutours in |B |,

L space (Figures 5 and 6). It is seen that at constant ‘ﬁ I,
both channels C and D exhibit relative maxima at L ~ 2.0.

The principal maxima occur at 1L ~ 3.1.

Thus, the data suggest that the responses of detectors C
and D are due to different causes in the two different regions, the
inner and outer zones.

It is important to note that the distributions of 0.5 MeV
and 0.9 MeV protons obtained from channels A and B of the same
detector do not exhibit such "double-peaked" intensity profiles

[Krimigis, 1967b].
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The nature of the responses of C and D in the two different
regions is now examined further in two ways:

(a) During the magnetically aligned period, the |B |
dependence of the counting rates at constant L is plotted.

(b) During the period before the satellite was magnetically
aligned, the angular dependence of the counting rates at constant L
and constant ]g Iis plotted, i.e., the dependence on the angle between
B and the axis of the detector. The attitude of the satellite with
respect to B is measured continuously by a system of Schonstedt

magnetometers.
A. Inner Zone

Figure 7 shows the counting rates of channels A (protons
having 0.52 < Ep < 4.0 MeV), B (0.90 < Ep < 1.8 MeV), and C and
D as a function of ’ﬁ | for L = 1.55 + 0.15. The counting rates
of C and D decrease monotonically with increasing Ig |in a manner
generally similar to the counting rates of A and B. The similarity
is further enhanced when the net counting rates are plotted
(i.e., after subtraction of the appropriate rates of the in-flight
calibrating source).

Figure 8 shows the angular dependence of the counting rate of
channel C, averaged over the L interval 1.3 to 1.7 and the |§|
interval 0.10 to 0.20. Symbol ¢ denotes the angle between the collimator
axis of the detector and the local magnetic field vector. This angle

is defined as equal to zero when the collimgbor axis is parallel
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the lg }vector in the northern hemisphere, i.e., the detector is
pointing toward the earth. The counting rate curve appears to have

two distinct components, one having a maximum at ¢ = 90°, with a full

width at half maximum of ~ A0°, and a second having a maximum at

® = 0° and probably also at 180°. Most of the data on which Figure 8
is based was distributed more-or-less uniformly over the ]§ | range
specified. However, the point at ¢ = 10° was based mainly on data in
the low end of the range and may therefore be somewhat high (cf.
Figure 7). (The counting rate of channel D is too low to permit a
significant angular analysis.)

The significance of Figures 7 and 8 is developed in a later

section.

B. Outer Zone

Figure 9 shows the |§ | dependence of the counting rates of
detectors A, B, C, and D for a constant L at the counting rate
maximum in the outer zone (cf. Figures 3 and L). Again, the
functional similarity of the four curves is evident. Figure 10
shows the ¢ dependence of the counting rate of channel C at
constant L and [ﬁ l near the outer zone maximum. This curve 1is
similar to that of Figure 8 in that it shows a strong maximum at
@ = 90° but it is decidedly dissimilar for ¢ < 50°. Specifically,
there is a complete absence of counts for 30° < ¢ < 0°, despite the

fact that this angular region was sampled repeatedly.
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5. CONSIDERATION OF SPURIOUS EFFECTS

The data shown in section 4 establish that the counting rates

of C and D are due to geomagnetically trapped particles and not to

galactic cosmic rays, for example.

As shown in Table 1 and discussed in section 2, channel C
responds ideally, only to tritons and heavier nuclei, and channel D
only to He3 and heavier nuclei.

Nonetheless, there are many physical processes which may con-
ceivably cause counts in channels C and D and thus invalidate a simple
minded interpretation. After a preliminary sifting of all such pro-
cesses that we have been able to think of, we have arrived at the
following list as worthy of detailed quantitative assessment:

(1) Proton pulse pile-up.

(2) Transverse penetration of the detector by high energy
protons (Ep > 95 MeV).

(3) Elastic scattering (and hence greater path length in
detector) of protons entering through the collimator.

(W) Tnelastic nuclear interactions of protons in the detector
and in other material of the satellite.

(5) Effects of electrons.

The importance of each process varies with position. Thus,

processes (1) and (3) are more important in the outer zone than in
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the immer zone, whereas processes (2), (k), and (5) are more
important in the inner zone. We now consider each of these processes
in detail.

(1) Proton pulse pile-up.

Whenever two protons, the sum of whose energies deposited
in the detector exceeds 1.8 MeV, strike the detector within a suffi-
ciently short time interval their pulses add up electronically so
as to trigger the 1.8 MeV discrimination level (channel C)

(Figure 2). Any such accidental double coincidences contribute
("spuriously") to the counting rate of C. Since channels A and B
are both counting protons, we have a continuous knowledge of the
intensity and the spectrum of protons in the radiation zones.
Channel B counts protons in the interval 0.90 < Ep < 1.8 Mev

and we may use its counting rate to estimate the expected counting
rate of C due to double coincidences.

Pulses from the detector are double-delay-line clipped and

have a rectangular profile whose time width
T = 0.10 ps.
The rate of accidental double coincidences
R, = KETRi , (1)

where Rl is the rate of singles and K2 is a factor which must

be less than 2.0. 1In laboratory tests on a number of units
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similar to that flown on Injun IV, including the flight back-up
unit, equation (1) has been found to be accurately valid. Using
both particles and a laboratory double-pulse generator the

value of K, T has been determined to lie between 0.08 and 0.12 ps.

Hence, we take K2 = 1.0, T = 0.10 ps and estimate R, in flight by

2
the equation

2
R, = TE . (2)

The highest value of R2 is expected at the outer zone maximum
of proton intensity (cf. Figure 4). It is already evident from

the approximate constancy of the counting rate ratios A/C and

B/C in the range 2.6 < L < L.2 (Figures 4 and 9) that the rate of C is
not a quadratic function of the rate of either A or B. A

quantitative estimate of R2 is as follows.

AL = 305 |B| = 019
A = 800 counts/sec
B = 230
¢ = 0.2

Since the sum of two pulses large enough to trigger C must come
from single pulses large enough to trigger B (Figure 2 and

Table 1), we calculate the spurious rate of C to be
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T Ri = (0.1 x 107

5

R, 8y (230)°

R,

1l

5 x 1077 counts/sec

!

This is less by a factor of 4O than the observed rate of C.

The rate of accidental triple coincidences

_ 3
R, = Kz T R )

where K% is also of the order of unity. A high estimate of R3 is
obtained by supposing that all pulses large enough to trigger A can
combine by threes to trigger C. Using equation (3), the estimated

contribution of accidental triple coincidences to the rate of C is

(0.1 x 10‘6)2 (800)3

N
1

5 x 10_6 counts/sec,

N
i

a value much less than R2, and less than C by a factor of 2.5 x 10_5.
A more rigorous estimate of R2 can be made as follows.

Channel B responds to protons in the energy range 0.90 < Ep < 1.8 MeV

and the maximum stopping power of the detector for protons is 1.3 MeV.

The observed proton energy spectrum at the outer zone intensity

maximum [Krimigis, 1967b] is
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==~ = 1l.bhx lOLF exp (-E/0.30 MeV) counts (sec MeV)"l

()

Using this spectrum and pairing protons over the entire energy
range (i.e., 0.5 MeV with 1.3 MeV, 0.8 MeV with 1.0 MeV, etc.,
such that the sum of the pulse height is always greater than

1.8 MeV), we find

R, = 7.5x 10'5

- counts /sec

for the accidental double coincidence rate of C. Although some-
what larger than the simpler, more direct estimate given above, this
rate is still less than the observed rate of C by a factor of 27.
Finally we note that the contribution of accidental coinci-
dences to the rate of channel D is also negligible since triple

coincidences of 1.3 MeV pulses (the largest possible from straight-

forward penetration of the detector) are necessary (and barely
adequate) to produce counts in D.

We conclude that nowhere in either the outer or inner
radiation zones can a significant fraction of the observed counting
rates of either C or D be due to accidental coincidences of proton

pulses.
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(2) Transverse penetration of the detector
by high energy protons.

The silicon detector is a thin, approximately circular disc

5 cm (5.83 mg/cm2) and diameter 0.15 cm

of thickness 2.5 x 10~
(350 mg/cmE). The flat faces of the disc are perpendicular to the
axis of the collimator. The ratio of the frontal to the projected
lateral area is L7.

The design of the brass collimator is such that it provides
essentially uniform shielding of 10.2 g cm_e over about 8 steradians

o]
e 20° centered con

its ax
(Figure 1). Over the remainder of the solid angle the detector is
more heévily shielded, both by local material and by the satellite
itself. Thus, only protons whose original energy exceeds 95 MeV

are able to reach the detector through the shield. Such protons are
present only in the inner radiation zone and have an angular distri-
bution which is sharply peaked at a pitch angle of 90° to EN

(A proton which traverses the detector along a diameter can lose a
maximum of 15 MeV therein.) By virtue of the disc-like angular

distribution, the contribution of penetrating protons is a maximum

0° and 180° and is estimated to be less by a factor of 4 to 8

at o

at @ = 90°. Figure 8 suggests the importance of an effect of this

kind in the inner zone (in contrast to Figure 10 for the outer zone) .
Figure 11 illustrates the geometric situation corresponding

to the period of magnetic alignment of the satellite, @ = 90°.
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The angular nomenclature of this figure will also be used for the

case of @ = 0° or 180°; in this case B is parallel to the detector
axis and the "direction of maximum proton intensity" is paralilel

to the plane of the detector and rotationally symmetric. This

latter situation is the one in which the maximum effect of penetrating
protons is expected.

An estimate of the magnitude of the effect at L ~ 1.5 and
for ¢ = 0° proceeds along the following lines:

(a) Only protons having an original energy exceeding 95 MeV
can reach the detector.

(b) After penetration of the shield, a proton must have a
residual energy of at least 1.8 MeV (threshold of channel C) and
must be moving at a sufficiently small angle to the plane of the
detector so that its path through the detector permits it to
deposit more than 1.8 MeV. The maximum value of this angle
(ac in Figure 11) is 35° for a proton having exactly 1.8 MeV
in order that it trigger channel C. Protons striking the detector
with energies > 1.8 MeV must be incident at appropriately smaller
angles. The corresponding quantities for channel D are 3.7 MeV

minimum residual energy and 10° maximum angle (& in Figure 11).

D
(c) For the region of interest in the inner zone (L ~ 1.5,
‘ﬁ \ ~ 0.18) we adopt a differential spectral intensity for the

original beam

= = 1.0 (cm? sec sr MeV)'l
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in the vicinity of Ep = 100 MeV [Freden, 1966] and take it to be
constant over the energy range which is pertinent to this calcula-
tion.

(d) The highest energy which need be considered is that of
a proton which can just deposit 1.8 MeV (for C) or 3.7 MeV (for D)
as it traverses the detector along a diameter--that is, whose specific
ionization has fallen to 5.1 MeV cm?/g (for C) or 10.6 MeV cmg/g
(for D). The corresponding values of residual energy are 120 or
45 MeV and the original values of energy Emax before striking the
shield are 165 or 110 MeV [Janni, 1966].

(e) Since most of the protons in question have pitch angles
within + 20° of 90°, the available range of & in Figure 11 is not
fully utilized.

(f) The projected geometric area of the detector at angle &
is 0.0175 (sin @ + 0.021 cos @). The effective area S (E,Q) for
any specifiied original energy E is a function of E as well as of Q,
being approximately equal to the above value for E ~ 100 MeV and
zero for E = Eﬁax'

(g) Thus, the counting rate of channel C (or D) due to

transverse penetrations of the detector is given by:

E a(E)
dj max
By ~ o5 @& [ s(E,) (kmao)
Emin °
E__
max

R, ~ (2m) (0.0175) o (E) dE . (5)

B oe—

min
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Numerical estimates using (5) give

RT for C

2

0.2 counts/sec

RT for D »x

2

0.0k counts/sec .

These estimates, crude as they are, do show that the contri-
butions of side-wall traversals by high energy protons are indeed
of the same order of magnitude as the observed counting rates of C

and D in the inner zone when ¢ ~ 0° or 180° (Figure 8). (A similar

estimate gives a plausible explanation for the ¢ ~ 0° and 180°
counting rates of Detectors A and B (cf. Figure 12).) Such "spurious"

contributions decrease monotonically as ¢ goes toward 90° and are

less by an estimated factor of 4 to 8 at @ ~ 90°.

The direct experimental evidence supports the belief that,
even in the inner zone, channels C and D are measuring a true
component of heavy nuclei during the magnetically aligned period.
First, there is the counting rate peak at ¢ =90° in Figure 8.
Secondly and more persuvasively, there is a markedly different
L-dependence of the rates of channel C (and D) and of the penetrat-

ing proton detector SpB (Table 1) as shown in Figure 13.



In the outer zone there is a virtually complete absence of
penetrating protons and side-wall traversals are completely negli-
gible there (see also Figure 10).

(3) Elastic scattering of protons enter-
ing through the collimator.

From the energy spectrum given by equation (4) one finds
that there are ~ 1600 protons (Cmg sec sr)_l with Ep > 1.8 MeV
perpendicular to T at the intensity maximum in the outer zone.

On rare occasions one or these protons is deflected by elastic
scattering in the detector or in the inner wall of the collimator
in such a way that its total path in the detector is increased
sufficiently to trigger channel C and, much more rarely,

channel D. The probability of such scattering can be estimated

by means of the Rutherford formula for protons:

dp = mnt (2 ei ) cot (8/2) csc® (8/2) d6 (6)
Mv
where dp = probability of scattering into dé at
angle © to the original direction
n = no. of nuclei per unit volume of the target
t = thickness of the target
Ze = charge of target nucleus
e = charge of incident particle
M = mass of incident particle

v = velocity of incident particle
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The least scattering is required for particles entering
the detector at the maximum angle (20°) to the axis of the
detector. Specifically, a proton of 1.8 MeV must be deflected
by 35° (versus 55° if incident axially) in order to lose its
entire energy in the detector if the scattering occurs at the
front face. Higher energy particles must be deflected by a
greater angle in order to be counted. Also dp is inversely pro-
portional to energy and is a steeply falling function of increas-
ing 6. Only large angle, single scabtering need be considered.

Hence, a clear upper limit PmaX is obtained by supposing
that all protons Ep > 1.8 MeV have Ep = 1.8 MeV, that all
scattering throughout the detector occurs at the front face
and that scattering is always away from the axis of the
collimator. For simplicity the integration is extended to 180°,
without affecting the result. Inserting the appropriate numbers

for a 1.8 MeV proton and the constants for silicon into equation

(6)

180° L, 180°
o= Jap= 122x107" | cot (8/2) csc® (g/2) as
8=35° 35°
P - 1.2x 107
- - ()

#+




In a dircctional intensity of 1.6 x 107 (cm2 sec sr)_l of
protons Ep > 1.8 Mev, (1.6 x 105) (6.4 x 1077) = 10 such particles
enter the detector per second. Thus, an upper limit to the

counting rate of channel C by Rutherford-scattered protons is

RS = 1.2 x 10-2 counts/sec.

This rate (a generous upper limit) is less by a factor of 17 than
the observed counting rate of 0.2 counts/sec. Moreover, the
experimentally measured value of the proton efficiency (i.e., a
value for P) for channel C was foﬁnd to be less than 3 x lO_u
for axially-incident protons Ep =1.8, 1.9, 2.05, and 3.57 MeV.
(Section 2)

We conclude that elastically scattered protons Ep-Z 1.8 Mev
(as well as unscattered ones of any energy) make a negligible
contribution to the counting rate of channels C and D.

(W) Inelastic nuclear interactions
of protons in the detector and
in other material of the satel-
lite.

Tn addition to elastic scattering, one must consider inelastic
nuclear interactions. There are several reactions of possible
. . . .28
importance involving Si [Endt and Van der Leun, 1962]:

8 5i% (n,p) A4, ana 517 (n,0) M.

. .28 .2
viz., 8i (p,p') Si
Fach of these reactions has to be evaluated on the basis of its

cross-section and the probability that the outgoing particle may
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deposit enough of its energy in the detector to be counted in
channel C. The reaction 8128 (p,p') Si28 can contribute to the
counting rate if the proton is emitted in such a direction that
it deposits at least 1.8 MeV in the detector. Typical cross-
sections for this reaction are ~ 165 millibarns (mb) at

EP ~ 12 MeV [Conzett, 1957] and ~ 30 mb/sr at 4.8 < Ep < MeV
[Yamabe et al., 1958]. Assuming that (a) the average cross
section is ~ 100 mb and (b) all inelastically scattered protons
with Ep > 1.8 MeV are counted in C, and using the known intensity
of such protons, one finds that the contribution to the rate of

p

channel C is ~ 8 x 10"~ counts/sec. This rate is ~ lOu times
smaller than the observed rate of C.

Trapped protons incident on the skin of the satellite produce
neutrons in various nuclear reactions and the resulting neutrons
can [R. R. Carlson, private communication] interact with silicon

8

in the reactions Si28 (n,p) A£2 and Si28 (n,x) Mggs. The cross

sections for both of these reactions are as great as LOO mb at

neutron energies of ~ 8 MeV, decreasing to essentially zero at
~ 5 MeV and at ~ 20 MeV [Stehn et al., 1964]. From the known
intensities of trapped protons in the region of interest and the
size and constitution of the satellite, we estimate that the

resulting counting rate of channel C from (n,p) and (n,qQ) reactions

is < 10-6 counts/sec.

~
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Experimental evidence for the neglect of any such effects
is as follows: (a) During the calibration runs at NRL described
in part 2, the proton beam of several microamperes was stopped in
the brass chamber containing the detector and a large number of
neutrons was generated (the reaction threshold for protons on Cu65
is 2.165 MeV and proton energies of up to 3.57 MeV were used), but
no counts attributable to neutrons were observed. (b) The flight

5

spare unit was exposed to a flux of ~ 8 x 107 neutrons (cm2 sec)_l
from the University of Iowa Van de Graaff accelerator and only one
count was observed in ~ 2 hours. Hence the observed efficiency
must be < 10—6.
In addition to the above reactions one might consider nuclear
star production due to high energy (tens of MeV) protons. The cross
section for such processes is small and there is direct experimental
evidence that they could not be a significant source of counts
for channel C. The evidence is shown in Figure 13, where the

counting rates of detector SpB (sensitive to protons of Ep > 70 MeV)

and channel C have been plotted as a function of L. It is observed

that there is marked dissimilarity between these two curves. More-
over, Figure 10 provides direct evidence against the importance of
any type of nuclear interactions in the body of the satellite in the

outer zone.




(5) Effects of electrons.

The small physical size of the detector and the 0.10 us
pulse clipping serve to make 1t exceedingly insensitive to electrons
of any energy. Moreover, the discrimination levels of channels C
and D (1.8 and 3.7 MeV) are far above the energies of most geo-
magnetically trapped electrons (except for the residuum of B-decay
electrons from the Starfish nuclear burst of 9 July 1962 in the
inner zone). TFor example, the thickness of the detector corresponds
to the extrapolated range of only a 60 keV electron or to a mean
energy loss of about 15 keV for a fast electron. The diameter
corresponds to the extrapolated range of a 900 keV electron.

By pre-flight laboratory tests with 2 MeV electrons from a
magnetic spectrometer (courtesy L. A. Frank) and by the flight
data from a similar detector on Mariner IV [Krimigis and Armstrong,
1966] it has been established that effects of electrons on the
counting rates of any one of the channels A, B, C, or D are
negligible throughout the magnetosphere. There are also direct
Injun IV data on the intensity of electrons Ee > 1.6 MeV (from
another detector) which have a completely different I dependence
than do the data from channels C and D (in a manner quite similar

to the comparison given in Figure 13).
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6. INTERPRETATION OF COUNTING RATES
OF CHANNELS C AND D

On the strength of the data and discussion of sections 2,
3, 4, and 5, we conclude that the counting rates of channels C and
D during the magnetically aligned period are due almost exclusively
to the direct detection of geomagnetically trapped nuclei having
Z > 2. Neither He5 nor nucleil heavier than HeLL can be excluded but
on the basis of their low relative abundances in the earth's atmosphere,
in the sun's atmosphere; and presumably in the solar wind, we will

henceforth regard the responses of channels C and D as due solely

to geomagnetically trapped alpha particles.




7. BSPECTRA AND RELATIVE INTENSITIES OF PROTONS
AND ALPHA PARTICLES IN THE CUTER ZONE

In the spirit of the remarks in section 1, it is desirable
to have a full knowledge of the respective absolute spectra and
angular distributions of protons and alpha particles throughout
the magnetosphere. The present investigation provides a modest
beginning.

It is noted that the energy "pass bands" of our channels A
and C were chosen in such a way’that both their lower and upper
energy limits (Table 1) if expressed in kinetic energy/nucleon

(&) are identical for protons and alpha particles, respectively:

Channel A: 0.52 f&

A

o 4  MeV/nucleon

Channel C: 0.52 <& = < L MeV/nucleon

0/
The geometric factor of the detector is identical, of course,
for all four channels. Hence, the ratio of counting rates in
channels C and A (after subtraction of the background due to the
in-flight calibrating source) provides a direct and unequivocal
intensity ratio jo/jp integrated over the common range of € noted

above. This ratio characterizes a common range of particle

velocity and is independent of any assumptions regarding spectral
forms. (Further, if the angular distributions of the two

species of particle are identical and if the respective spectra
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are independent of pitch angle, the ja/jp ratio is also the ratio
of number densities in the specified velocity range. Neither of
these latter conditions is known to be fulfilled, however.)

The most accurate and reliable value of the direct ratio
described above is obtained at the outer zone intensity maximum
L ~ 3.1, at the lowest value of Iﬁ{ (0.19 gauss) for which
adequate observations are available, and for © = 90° (Figure 9).

This value is:

+
(@]
no

—
"
o

O

1
-

s~ (o
3o/ 3, (2.3 +

0.52< e_,8& < L MeV/nucleon. (8)

1l

The latitude parameter l ﬁl /[ ﬁol 18. By virtue of the rapid
decline of both dj/dﬂa and dj/dﬂp with increasing €, the ratio

given in (8) is accurately equal to the more simple ratio:

ja/jp = (2.3 +0.2) x 1o‘h,

e

o 3p > 0.52 MeV/nucleon. (9)

We regard this value as the most important and trustworthy
result of the present investigation.

Since the detector has two proton channels (A and B) and
two alpha particle channels (C and D), spectral information of an
approximate nature can also be derived. In the absence of

significant theoretical guidance, we have fit two-point spectra
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to six different, simple spectral forms--both exponentials and
power laws in kinetic energy, in kinetic energy/nucleon, and in
magnetic rigidity. The results of this work are summarized in
Table 2 for 2.8 <L < 3.3 and |B| = 0.19 + 0.0l gauss. It is
clear that the implications of the various spectral assumptions
are strikingly different. For example, in Figure 14 we show the
expected ratio of the integrated intensities jo/jp above the
kinetic energy or kinetic energy/nucleon labeled on the scale
of abscissa for two different exponential spectra from Table 2.

The value of (dja/dEa)/(djp/dEp) ¥ 0.05 at E, = Ep
= 2 MeV in our original report [Van Allen and Krimigis, 1965] was
derived from assumed exponential spectra in kinetic energy. Although
the raw observational data available at tﬁat time (though less
complete) were similar to those reported herein, it is clear from
Table 2 and Figure 14 that the originally reported spectral ratio
should be regarded as an inadequate and perhaps misleading repre-
sentation of the overall situation.

From inspection of Figure 14 and Table 2, it is difficult to
avoid the impression that jo/jp is an increasing (and perhaps a
strongly increasing) function of increasing energy or energy/nucleon
or megnetic rigidity and this result may be one of wvalidity and of

physical significance.
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In view of the fact that the proton spectrum in the outer zone
is best represented by an exponential in energy [Davis and Williamson,
1963; Hoffman and Bracken, 1965; Armstrong and Krimigis, 19677,
there is a certain intuitive preference for expressing the alpha
particle spectrum as an exponential in energy/nucleon. When this
is done the integral ja/jp ratio is not a strong function of € and
might even be independent of €. (See the uncertainty stripe in

Figure 1kL.)
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8. SPECTRA AND RELATIVE INTENSITIES
OF PROTONS AND ATPHA PARTICIES
IN THE INNER ZONE

In the inner zone, 1.8 < L < 2.2,l§}: 0.19 + 0.01 gauss,
/3. = 1.1 x 1077
Jat]p - . 2>

6@, CP > 0.52 MeV/nucleon (10)

and the spectra of protons and alpha particles are given by

dj

EEB = 7.7 x lOu exp (~£/0.37) (11)
and

aj

== = 68 exp (-2/0.41) . (12)

The same units are used in equations (11) and (12) as in

Table 2.
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9. DISCUSSION

The most widely accepted conjecture for the origin of
energetic particles in the outer zone is that they have been in-
jected from the solar wind into trapped orbits in the magnetosphere
and subsequently accelerated and diffused across magnetic shells
therein by complex electromagnetic processes.

The ratio of the number densities of alpha particles and
protons in the solar wind is 0.01 to 0.1 [Neugebauer and Snyder,
1966; Coon, 1965; Wolfe et al., 1966; Gosling et al., 1967].

Tverskoy [1965] and Hess [1966] have given some considera-
tion to the relative spectral treatment of alpha particles and
protons in the framework of the solar-wind-source model. On the
assumption that both protons and alpha particles are "thermalized"
to the same kinetic energy in the transition region, Hess finds that
the spectrum of alpha particles would also be of exponential form
in particle energy (since the proton spectrum is known observa-
tionally to be of this form) and that the two spectra would have
identical values of e-folding energy per particle (EQE energy per
nucleon) at a given L value for L > 3. He also predicts that the
ratio of spectral intensities will be of the same order as that of
the number densities in the solar wind (i.e., ~ 0.05). Our results

at L ~ 5.1 appears to be in clear disagreement with both of these
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expectations (Table 2 and Figure 14), though we should note that our
measurements are made in a region far from the equator

( |§ !/ lﬁo‘ = 18). This latter fact may invalidate the comparison,
as noted by Hess, since he has assumed the absence of energy losses
in his preliminary work. Such an assumption is clearly less valid
for particles having mirror points at low altitudes than for those
having mirror points near the equator. There are indications, how-
ever, that at this value of l§ l/ lgo' the effect of the atmosphere
may not be important [Krimigis, 1967b].

On the other hand, our results are not strongly inconsistent
with a ratio (dja/dea>/(djp/dap> which is independent of energy per
nucleon (i.e., of velocity) (lower curve Fig. 1hk). This suggests,
following Tverskoy, that protons and alpha particles may be
"thermalized" to the same velocity rather than to the same energy
and that in the trans-IL diffusion process the same spectral form is
maintained in terms of energy/nucleon. A further consideration is
the Coulomb energy loss of particles traversing the outer atmosphere.

Thus

(13)

&8
]
<:|\)| Mo

is the rate of energy loss per wnit path length x in the atmosphere
for a non-relativistic particle having charge Z and velocity v.

Substituting dx = vdt in (10) and integrating,

/2

P AT o
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where M is the mass of the particle. Hence, for protons and alpha

particles of the same initial energy, their lifetimes against

Coulomb energy loss are related by the equation:

t, = 8t (15)

if the particles remain fully ionized throughout their range.
The actual factor is somewhat less than 8 for the energies under

consideration here. For particles having the same initial velocity,

however:
AL —5
t « i’i‘é . (16)
Z
and thus tp = ta . (17)

These considerations illustrate Tverskoy's suggestion that spectra
in terms of energy/nucleon may be more appropriate whenever Coulomb
energy losses in the atmosphere are important. Another loss process
which may influence proton and alpha particle spectra in a different
way 1is charge exchange in the atmosphere. No treatment of this sub-
jedt for alpha particles’ is known to us.

Tverskoy [1965] makes the following specific predictions:
(a) The intensity maximum for 2 MeV a-particles should be located
at L ~ 3.2, and this intensity should be ~ lO5 (cm2 sec)—l at the
equator. (b) The ja/jp ratio at that point for particles with

)

total energy greater than 2 MeV should be ~ 10" ~. Comparing with

Figure 5 we find that the location of the maximum as well as the




L1

flux are approximately correct, if one takes into account the
magnetic coordinates of the observations and assumes that the
Q-particles are evenly distributed over ~ 27 steradians. Regarding
his point (b) we find from Figure 14 that Tverskoy's ratio is
smaller from that observed by an order of magnitude although, at a
lower energy ( ~ 700 keV), his prediction would have been correct.
We note that Tverskoy and Hess have a certain level of agreement in
that Hess predicts a ratio of 0.05 which is independent of energy
and does not include any losses and Tverskoy predicts a ratio of
lO"5 which is also independent of energy but includes Coulomb losses.
The factor of ten difference is due to the Coulomb losses alone.

From the foregoing, it appears conceivable that the observed
ratio jq/jp may be reconcilable with a solar-wind-source of outer
zone protons and alpha particles, although this ratio is significantly
less than that predicted from diffusion theory with known loss
processes taken into account.

However, the exosphere of the earth also contains a mixture
of hydrogen and helium and it is not yet obvious that in situ
acceleration processes could not yield the observed situation,
with atmospheric ions as the source particles.

The ja/jp ratio appears to be larger in the inner zone
(Section 8) than in the outer zone. Also the L dependence of Jo

(Figures 3, 4, 5, and 6) suggests that the source of inner zone
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alpha particles may be altogether different than the source of
outer zone alpha particles. It is pointed out, however, that
equation (10) represents an average value over the L range 1.8-2.2
where the proton intensity changes by a factor of 4 (Figure L).
Thus, although this value is significantly different than that in
the outer zone, it does not lend itself to the type of analysis pre-
sented in the previous section. Specific sources of inner zone
alpha-particles, which we have not assessed quantitatively, are
proton-induced nuclear stars in the atmosphere and radioactive-
decay of miscellaneous fission products [G. F. Pieper, private
communication] from several high altitude nuclear bursts which have

occurred in this region.
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10, REMARKS ON TIME VARIATIONS

The data described so far were taken during the period before
17 April 1965. On April 17 a geomagnetic sudden commencement
occurred at ~ 1312 UT and was followed by a magnetic storm with a
main phase depression of the horizontal field of ~ 160 y. The
distribution of 0.5 MeV protons measured by Injun IV was severely
and durably disturbed [Krimigis, 1967a]. The distribution of alpha
particles for the period 17 April--31 May in Figure 15 and the
previocusly discussed 1 March--17 April distribution has been
included for comparison. It is observed that the maximum intensity
increased by ~ 30% and the position of the maximum moved inward
to L ~ 2.9. We expect that the subsequent time history of the
distribution of alpha particles and its relationship to that of
protons will provide some additional insight on the dynamics of

both components. Such a study is underway.
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11. CONCLUSIONS

(a) The presence of geomagnetically trapped alpha particles
is established.

(b) At constant l B l ~ 0.19 gauss the maximum intensity
rerpendicular to B occurs at L = 3.1. The absolute directional

intensity there is

g (Ea > 2.09 MeV) = 28 (cm2 sec sr)_l and
. 2 -1
do (Ea > 3.890 MeV) = k4.5 (em” sec sr)

(c) At this outer zone maximum,the ratio of the directional
intensities of alpha particles and of protons, both integrated above
the common value Ba = 6p = 0.52 MeV/nucleon, is

o3, = (2.31£0.2) x 107"

(d) A variety of considerations, no one of which is decisive,
suggest that the most physically significant form of the spectra of
alpha particles and protons may be an exponential one in terms of
energy/nucleon.

(e) It appears conceivable that the observed ratio jo/jp
may be reconcilable with a solar-wind-source of outer zone protons
and alpha particles although this ratic is significantly less than
that predicted from diffusion theory with known loss processes taken

into account.
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(f) The distribution of outer zone alpha particles was
changed markedly after the magnetic storm of 18 April 1965 and the
intensity peak moving inward from L = 3.1 to L = 2.9.

(g) Trapped alpha particles in the inner zone are apparently

due to a different source than that for those in the outer zone.
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FIGURE CAPTIONS

1. An assembly drawing showing the geometry of the

Injun IV solid state detector collimator. WNotice that
particles penetrating the shield travel approximately the
same path length at all angles of incidence within the

outer hemisphere.

2. AE vs E curves for protons and &-particles incident on
-2,
a 25 micron silicon detector with a 0.21 mg cm  nickel

foil in front.

3. The L dependence of counting rates of channels C and D
at constant ‘3[ and at @ = 90°.

k. The L dependence of counting rates of channels A and C
at constant |1'3'l and at ¢ = 90°.

5. Contours of constant apparent intensity in lﬁl - L
space. The labeled values on the several curves are the
guotients of the counting rates of channel C by its
geometric factor 0.0064 cm2 sterad. Some of the counts may
be due to other causes than direct entry of heavy nuclei
through the collimator. There appear to be two different
regimes, divided by the line L = 2.6.

6. Similar to Figure 5, but for channel D.

7. The dependence of the counting rates of channels A, B,

C, and D on lﬁ‘ in the inner zone.

8. The counting rate of channel C in the inner zone as a
function of the angle ¢ between the collimator axis and

the § vector.
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9. Same as Figure 7 but for the outer zone.

10. Same as Figure 8 but for the outer zone. Note that
there were no counts between 0° and 30° although these

angles were sampled repeatedly.

11. Schematic representation of the geometry used in the

calculation of R section 5, paragraph 2, of the text (q.v.).

TJ
12. The counting rates of channels A and C in the inner

zone as a function of ®. Note that the apparent contribution

to the counting rate of A due by transverse penetrating particles
is ~ 10 times that of C.

15. An illustration of the lack of dependence of the counting
rate of C as ¢ = 90° on the intensity of high energy protons.

1L4. Dependences of the ratio jQ/jp of intensities of alpha
particles and protons both integrated from the same lower
limit specified by the abscissa to infinity. Both E

(upper curve and top scale) and € (lower curve and bottom
scale) have a common numerical scale of abscissa. The

two curves are derived from Table 2. The cross hatched
region indicates the region of uncertainty due to

uncertainties in spectral fits.

15. The distribution of trapped O-particles before (solid
line) and after (dashed line) the 17 April 1965 magnetic

storm.
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J(X/Jp = (c. J i O.r.) x 10 .

(a) A variety of considerations, no one of which is decisive,

suggest that the most physically significant form of the spectra

of alpha particles and protons may be an exponential one in terms
of energy/nucleon.

(e) It appears conceivable that the observed ratio jo/jp may be
reconcilable with a solar-wind-source of outer zone protons and
alpha particles although this ratio is significantly less than that
predicted from diffusion theory with known loss processes taken
into account.

() The distribution of outer zone alpha particles was changed
markedly after the magnetic storm of 18 April 1965 and the intensity
peak moving inward from L = 3.1 to L = 2.9.

(g) Trapped alpha particles iﬁ the inner zone are apparently
due to a different source than that for those in the outer zone.



